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ABSTRACT
Actin is an essential cytoskeletal protein that plays a critical role in cell mechanics, structure and
organization with the help of actin binding proteins (ABPs). Gelsolin is a calcium-dependent ABP
that severs actin filaments and caps them at their barbed end, regulating cell motility and signaling
through dynamic actin cytoskeleton remodeling. A recent study has indicated that low pH
stabilizes the active conformations of gelsolin. Additionally, the binding of gelsolin to the barbed
end of an actin filament induces a conformational change that propagates along the actin filament.
However, it has not been well understood how the complex intracellular environments involving
variations in pH affect gelsolin-mediated actin filament severing and mechanics at the molecular
level. In this thesis, we investigate how binding of gelsolin modulates actin filament severing and
mechanics with changes in solution pH using total internal reflection fluorescence (TIRF)
microscopy imaging. Furthermore, we explore how changes in intra-filament structure and
dynamics occur upon gelsolin binding through the use of atomic force microscopy (AFM)
imaging. Taken together, this work will elucidate a mechanism to control actin filament severing
and mechanics modulated by gelsolin in the pH fluctuating intracellular environment.
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CHAPTER ONE: INTRODUCTION
The following chapter intends on providing the reader background information about actin
and gelsolin’s role inside the cell. Specifically, the structure, dynamics, and mechanics of actin
and how these are regulated by gelsolin. Finally, I will discuss the significance of intracellular pH.
The main theme of this thesis is to understand how gelsolin mediates actin filament severing and
mechanics in varying pH.
1.1 Actin Cytoskeleton
Actin is an essential protein found in all eukaryotic cells that plays a critical role in
maintaining the cell’s cytoskeleton1, motility2-4, and proliferation5. The cellular activities of actin
are complex and regulated by various actin binding proteins including actin related protein 2/3
(Arp2/3)6, cofilin7, profilin8, and gelsolin9. Studying actin filament length, disassembly,
conformation and mechanics in the presence of gelsolin at varied pH conditions offers the field
greater insight into the actin cytoskeleton and how it responds to environmental factors.
1.1.1 Actin Filament Assembly and Disassembly Dynamics
The actin monomer is a 42-kDa molecule that can spontaneously elongate into its
polymeric form, F-actin, under physiological ionic conditions1. In vivo, each monomer is tightly
bound by ATP or ADP in the presence of calcium or magnesium, which help to stabilize its
interaction with actin. Polymerization begins slowly as actin monomers, or G-actin, nucleate to
form dimers and trimers. Once formed, elongation proceeds rapidly2. Subunits are arranged within
a filament to point in the same direction, also known as a head-to-tail formation, making the actin
filament polar10. This polarity is key to the mechanism of actin filament assembly as the filament
ends differ dynamically from each other. The ratio of association and dissociation rate constants
1

is known as the critical concentration. The barbed end grows at a rate that is 10 times faster than
the pointed end11, and the rate of elongation is directly proportional to the concentration of actin
monomers9. At steady-state, net addition at the barbed end is balanced by net loss at the pointed
end allowing the filament to maintain its length- a mechanism called treadmilling12. Additionally,
as polymerization of the actin monomers occurs, the ATP bound to each subunit is hydrolyzed and
the phosphate is dissociated. This induces small conformational changes to the ADP-actin
filaments that prepare them for disassembly due to ADP-G-actin being more stable than ADP-Factin2.
Assembly of actin monomers into filaments can lead to changes in cell shape and generate
protrusions, which is often the first step in cell motility1, 3, 13. For example, at the leading edge of
a cell lies higher ordered actin filament structures, such as branches and cross-linked networks,
that make up the lamellipodium or filopodium (Figure 1)14. These structures are critical to cell
movement as the polymerizing actin pushes against the cell membrane15. To maintain this
protrusive movement, assembly of actin filaments needs to be coupled with a disassembly
mechanism16. Disassembly of actin filaments and networks is a critical process needed to replenish
the pool of monomeric actin that can be used to reassemble actin filaments and perform work17.
However, early in vivo studies reported a much faster rate of depolymerization than those in vitro,
suggesting other key factors are present intracellularly. This led to the discovery of actin-binding
proteins (ABPs) and their major role in the regulation of actin assembly and disassembly. Since
then, there have been a multitude of ABPs that have been discovered18, and together they function
to replenish the pool of actin monomers, nucleate monomers to initiate polymerization, promote
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elongation, cap filament ends to stop growth, sever filaments, and cross-link filaments19. Gelsolin
takes part in many of these processes and will be the focus of this study.

1.1.2 Actin Filament Structure and Mechanics
A single monomer contains 375 amino acid chains folded into a U-shape with four
subdomains (S1-4) that are separated by two clefts. The upper cleft binds an adenine nucleotide,
either ATP, ADP-Pi, or ADP. The lower cleft is hydrophobic and responsible for longitudinal
contacts between actin subunits within a filament20,21. This lower cleft, often referred to as the
target-binding or hydrophobic cleft, is also the major binding site for most ABPs. Together, these
two clefts provide the structural basis for how nucleotide-dependent conformational changes
modulate the binding affinities to ABPs and the intrinsic properties of a filament20. Upon the
polymerization of monomers, actin filaments exhibit a double stranded right-handed helical
structure with 13 molecules repeating every 6 turns in a half pitch of 35.9 nm with a total rise of
27.6 Å22 (Figure 2).
Actin filaments are semi-flexible helical polymers that exhibit mechanical responses to
external stimuli. These mechanical responses, such as resistance to bending, can have implications
determined by the helicity of the filament23, 24. Additionally, the dynamic properties of actin
filaments are related to the filament elasticity25. Together, the polymer relies on the structural
support between each monomer of the same strand (intra-strand, or longitudinal interactions), and
between strands (inter-strand, or lateral interactions) holding these monomers together26. Actin
filaments in solution are dynamic and can adopt a multiplicity of different structural states referred
to as “structural polymorphism”27 in which the filaments can undergo variations in twist and
3

bending stiffness that can also offer a variability in filament helical pitch. These structural states
can differ from each other by a few degrees in their subunit orientations, however they all remain
right-handed double-stranded helices, thereby highlighting the robustness of the actin filament
structure27. Actin filament mechanical properties can be significantly influenced by ABPs28 and
conditions of the surrounding environment including ionic concentration29, external forces21, and
macromolecular crowding21, 30.
Actin filaments have intrinsic mechanical elastic properties that govern how they respond
to external force. These mechanical properties can be determined through bending, twisting, and
bend-twist coupling elasticities31. Flexural (bending) rigidity defines the energy required to bend
a filament of a specified length. Similarly, torsional (twisting) rigidity refers to the energy required
to twist a filament. These two properties work together to define the twist-bend coupling of an
actin filament, which represents the relationship between twisting and bending of a filament such
that bending induces twisting and vice versa21. Theoretical studies have shown that this bending is
coupled to mechanical twist (torque) due to helicity23, 31. The helical structure of filaments makes
it easier for ABPs to apply a mechanical torque, which directly results in a modification of the
helical pitch. Therefore, ABPs can induce significant changes in the helical pitch, which in turn
can modulate filament mechanical properties32.

1.2 Gelsolin
1.2.1 Structure and Function of Gelsolin
Gelsolin contains six homologous domains (G1-6) and exists both intracellularly and in
plasma33. It was first identified when studying macrophages in which it was found to inhibit the
4

gelation of actin in macrophage extracts when in the presence of calcium34. Gelsolin is regulated
by Ca2+ to sever actin filaments, nucleate actin monomers for polymerization, and to cap actin
filaments at their barbed end. Gelsolin not only regulates actin filament dynamics, but plays a
major role in other cellular processes including regulation of lipid metabolism, control of ion
channels, participation in apoptosis, and activation of DNase 135.

1.2.2 Gelsolin-mediated Actin Filament Severing
Gelsolin severing of actin filaments is well-studied mechanism. Severing occurs through
the lateral binding of gelsolin to actin filaments, then the breakage of noncovalent bonds between
two actin monomers (Figure 3)35. To perform gelsolin-mediated actin filament severing and actin
monomer nucleation, gelsolin must be occupied by Ca2+ at its low affinity calcium binding sites.
Gelsolin has one F-actin binding site at its G2 subunit and two G-actin binding sites, one at G1
and the other at G4. Electron microscopy has revealed that prior to severing, Ca2+ binding by
gelsolin is required to dissociate the G2-G6 linker, also referred to as the C-tail latch, which
exposes the F-actin binding site on gelsolin G2. Then, a second Ca2+ binds to G1 on the gelsolinF-actin complex. Lastly, G2 binds to F-actin, then G1 intercalates between two actin subunits
resulting in a severing event. Altogether, the formation of a gelsolin (G2)-F-actin complex
containing a G1-bound Ca2+ results in a high-affinity gelsolin (G1, G2, G4)-F-actin complex that
is capable of F-actin severing36.
The rate of this severing has been shown to be dependent on the concentration of free
calcium35. Studies have also shown that gelsolin severing can occur in the absence of calcium at
low pH37 due to conformational changes in the gelsolin molecule (Figure 4)38. However, this
5

mechanism is far less studied. Being that gelsolin exists in the cytoplasm of a cell, close to the
plasma membrane, H+ and Ca2+ transients frequently occur and could result in rather large
fluctuations in pH39. An influx of H+ causing intracellular acidification can also be indicative of
apoptosis40, cell shrinkage41, and DNA fragmentation38. The nucleation of two actin subunits by
gelsolin was one of the first gelsolin-mediated actin processes shown to be dependent on pH,
revealing that the rate of formation of a gelsolin-actin nucleation complex accelerates when the
pH was reduced from 8 to 642.
Cells have multiple mechanisms in place to regulate their pH, thus reflecting the critical
importance of pH maintenance for overall cell function and survival43. The cytoplasmic pH of
eukaryotic cells is strictly controlled at pH 7.0-7.5, and any small variation can play major roles in
controlling cell transformation, cell proliferation,44 and even controlled cell death43. These shifts
can suddenly occur in response to biological processes such as chemoattraction45, growth factor
stimulation46, and neurotransmitter excitation47. Cellular acidification has been shown to
dramatically reduce the contractility of muscles, and it is suggested that intracellular acidosis may
account for between 40-50% of the immediate negative inotropic effects of ischemia in cardiac
muscle48. Actin binding proteins can impact actin dynamics in response to cell acidification. For
example, actin binding protein ADF/cofilin has been shown to cause pH-induced alterations in
actin filaments thus resulting in ischemia leading to cell damage47. At physiological
concentrations, binding of gelsolin to actin filaments could be driven by mass action in which the
gelsolin-F-actin complexes are ready to respond to a transient influx of Ca2+ or H+ to rapidly
produce severed actin filaments35.

6

1.3 Hypothesis and Goal of the Study
Low pH has been shown to be indicative of cellular processes including programmed cell
death, also referred to as apoptosis43. Gelsolin plays a major role in apoptosis by both promoting
and inhibiting this function based on the surrounding cellular environment49. Additionally, low
pH can reduce the required concentration of Ca2+ for gelsolin activation37. Most studies involving
the effect of low pH on gelsolin activation focus on the necessary free calcium concentration. How
low pH modulates gelsolin-mediated actin filament severing and gelsolin-bound actin filament
conformations and mechanics has not yet been investigated. In order to determine these effects,
we used TIRF microcopy and AFM to study actin filaments in the presence of gelsolin at pH 7.5
and 6.0. We hypothesize that gelsolin-mediated actin filament severing will increase as the pH is
lowered from 7.5 to 6.0 due to conformational changes in both gelsolin and actin filaments. Taking
into consideration the effects of gelsolin’s interactions with actin filaments may offer insight into
various cellular processes.
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Figure 1. Schematic representation of cell architecture.
Actin architectures organized within a cell including branched and crosslinked networks, parallel
bundles, and anti-parallel contractile structures. These structures are responsible for maintaining
the cellular structure and regulating cellular motility. This figure was adopted from Blanchoin et
al. Physiol. Rev. (2014)14.
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Figure 2. Reconstruction of Frozen Hydrated Actin Filament at 4.7Å resolution
Actin filaments are right-handed double helical structures with 13 molecules repeating every 6
turns in an axial distance of 35.9 nm with a total rise of 27.6 Å. Filaments are semi-flexible with
mechanical properties that are determined by the strength and distribution of intersubunit
contacts. These can be modulated by the dynamic bend, twist, and bend-twist coupling of actin
filaments20. This figure was adopted from Galkin et al. Structure (2015)50.
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Figure 3. Schematic representation of gelsolin-mediated actin filament severing.
On the left gelsolin is in its native compact form with the c-tail latch attached. Upon activation
by Ca2+, the c-tail latch is released and gelsolin inhabits an open conformation. Gelsolin is now
available to bind to F-actin and weaken non-covalent bonds between actin monomers, resulting
in filament severing. On the right, gelsolin caps the filament by remaining bound to the barbed
end.
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Figure 4. X-ray crystallography model solved of gelsolin molecules at pH 8 (left) and 5
(right) in the absence of calcium.
A reduction in pH from 8 to 5, in the absence of calcium, results in an extended volume of the
gelsolin model that implies the opening of the G1 subunit of gelsolin. This reveals that the pHinduced activation of the gelsolin molecule is more compact than that of the fully Ca2+-activated
model of gelsolin. This figure was adopted from Garg et al. J. Biol. Chem. (2011)38.
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CHAPTER TWO: MATERIALS AND METHODS
2.1 Actin Purification, Labeling, and Sample Preparation
Unlabeled actin was isolated from rabbit skeletal muscle acetone powder (Pel-Freeze
Biologicals Inc., Rogers, AR), gel filtered over Sephacryl S-300 equilibrated in buffer A (2mM
Tris-HCl pH 8, 0.2mM CaCl2, 1mM NaN3, 0.2mM adenosine 5-triphophate (ATP), and 0.5mM
dithiothreitol (DTT)), and fluorescently labeled with Alexa 488-succimidyl ester (Molecular
Probes, Eugene, OR) as described in Kang et al.29 The labeling efficiency was 0.18-0.5 fluorophore
per actin. Rabbit skeletal muscle actin labeled with pyrene (>99% purity) was purchased from
Cytoskeleton, Inc., Denver, CO and stored in buffer A. G-actin was then subject to cation exchange
by replacing Ca2+ with Mg2+ using 20mM EGTA and 1mM MgCl2, equal to the concentration of
G-actin plus 10uM. Polymerization was initiated by the addition of 1/10th volume of 10X
polymerization buffer (100mM imidazole, 500mM KCl, 20mM MgCl2, 3mM CaCl2, pH 7.5 or
6.0, 10mM ATP, and 10mM DTT). Human recombinant plasma gelsolin was purchased from
Cytoskeleton Inc. (Denver, CO) and stored in gelsolin buffer (10mM Tris, 10mM NaCl, 0.1mM
MgCl2, 1% w/v sucrose, and 0.1% w/v dextran, pH 7.5).

2.2 Flow Cell Preparation and Assembly
Coverslips were cleaned and prepared by sonication at 60C in 1M KOH, followed by
1M HCl, then 70% ethanol for 45 minutes. After each sonication, coverslips were thoroughly
rinsed with warm ddH2O. N-ethylmalemide (NEM) was purchased from Acros Organics and
added to 2mg/mL of myosin for a final concentration of 5mM and mixed for 40 minutes at room
temperature on a rotating plate. After 40 minutes, 1M DTT was added at a final concentration of
12

20mM to stop the reaction. A flow cell was prepared by placing two strips of double sided tape
lengthwise along a coverslip, about 4mm apart from one another. The coverslip was then adhered
perpendicularly to a glass slide. NEM-inactivated myosin and a bovine serum albumin solutions
(BSA) (200nM NEM-inactivated myosin, 1mg/mL BSA) were separately loaded onto the flow
cell and left to incubate for 5 minutes.

2.3 Total Internal Reflection Fluorescence (TIRF) Microscopy Imaging
Polymerization of actin monomers was initiated at a concentration of 2uM (18% Alexa
labeled) using polymerization buffer with desired pH (pH 7.5 or 6.0) at room temperature for one
to two hours to reach steady-state. After polymerization, actin was diluted to 1uM and gelsolin
was added at a concentration of 10nM to achieve a 1:100 gelsolin to actin filament molar ratio.
This ratio is based on known intracellular concentrations35. Each sample underwent an 80-100X
serial dilution including 0.2mg/mL glucose oxidase and 15mM glucose to reduce photo bleaching,
and was then fixed on a coverslip coated with poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA).
For time-dependent imaging, gelsolin-severed actin filaments were imaged at various time points
over the course of 30 minutes upon the initial addition of gelsolin to actin filament. Fifteen to
twenty images were taken of each slide to measure the average filament length and length
distribution using ImageJ (NIH) and Persistence51. Microscopy images were taken with a Nikon
Eclipse Ti TIRF microscope equipped with a Hamamatsu Image EM X2 CCD camera, a 100X oil
immersion objective and Nikon LU-N4 laser. Microscope slides used for steady-state imaging
were cleaned by absolute ethanol and 0.1M KOH, then thoroughly rinsed with ddH2O as described
by Kang et al.52
13

2.4 Time-Dependent Steady-State and Time-Lapse Image Analysis
Gelsolin-severed actin filaments were analyzed using ImageJ and Persistence software51.
Of the images collected, only filaments in proper isolation and their native shape were analyzed.
Images were subjected to enhancement by ImageJ as described by Graham et al.51 and Kang et al
2012.29 The pixel size in micros is determined by the TIRF microscope and set to be 0.07 µm/pixel.
The average filament length was determined using Persistence,51 and statistical analysis was
performed using ANOVA one-way and Turkey tests. Length distribution of actin filament lengths
was plotted. Double exponential (Eq. (1)) and Gaussian (Eq. (2)) functions were used to fit the
data.
𝑦 = 𝑒 𝑎+𝑏𝑥+𝑐𝑥
𝑦 = 𝑦0 +

𝐴
𝑤√𝜋/2

∗𝑒

2

(1)

(𝑥−𝑥𝑐 )2
𝑤2

−2

(2)

where 𝑤 represents log standard deviation or width in Eq (2) respectively and 𝑥𝑐 represents the
center of distribution.
Additional steady-state image analysis was performed to determine the persistence length
(Lp) of actin filaments by Eq. (3) from the two dimensional average angular correlation (<Cs>) of
tangent angles () which follows the segment length of the filament (s)29, 51.
< 𝐶(𝑠) > = < cos[𝜃(𝑠) − 𝜃(0)] >= 𝑒

−𝑥
2𝐿𝑝

(3)

The bending rigidity of polymeric actin can be defined by Eq. (4) in which the persistence
length, k is the flexural rigidity of the filament, and kBT is the thermal energy using Boltzmann’s
constnt.51
𝐿𝑝 =

𝜅

(4)

𝑘𝐵 𝑇
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For time lapse imaging analysis, the first image taken was used to determine if the actin
filament population was satisfactory for analysis. This included selecting an area with few
overlapping or looped filament formations. The time after t0 is deemed as the time of filament
severing by gelsolin. The average filament length was measured of specific actin filaments over
time that were deemed adequate. The change in average filament length over time at each pH
condition was fit using an exponential decay curve according to Eq. (5).
𝑦 = 𝐴1 ∗ 𝑒

(

−𝑥
)
𝑡1

(5)

+ 𝑦0

where 𝑡1 is the time constant.
2.6 Atomic Force Microscopy (AFM) Imaging and Analysis
Polymerization of unlabeled actin monomers was initiated at a concentration of 2uM using
polymerization buffer of desired pH (pH 7.5 or 6.0) at room temperature for one hour in order to
reach steady-state. Gelsolin was diluted to 5.4 nM in gelsolin buffer and added to the filaments for
a 1:370 molar ratio of gelsolin to actin. The sample was mixed and left to incubate for 1 hour to
ensure that imaging was performed at the end point of actin-gelsolin interactions.
A single layer of mica was freshly cleaved with tape to result in a flat and workable surface.
The mica was then treated with 30uL of 1% v/v (3-aminopropyl) triethoxysilane (APTES) and left
covered for 10 minutes to improve binding of actin filaments by creating a positive charge on the
surface. The APTES was then gently rinsed with ddH2O and dried with a soft stream of compressed
air. Five microliters of sample were deposited onto the APTES-treated mica surface and allowed
to bind while covered for 5 minutes. The substrate was gently rinsed with ddH2O and dried with a
soft stream of compressed air53. The sample-coated mica was adhesively attached to a metal plate
that was placed onto the AFM stage to be imaged.
15

To measure the structure of actin filaments, height, amplitude and phase images were
collected using a NanoIR2 (Bruker, Santa Barbara, USA). Imaging was conducted in ambient
conditions and performed in tapping mode using gold-coated silicon AFM cantilever tips with a
nominal spring constant of 3 Nm-1 and a nominal resonant frequency of 75kHz. The height, width,
and helical pitch of filaments were quantified by Gwyddion54. The filament width was determined
by measuring the full width at half maxima of filaments using AFM height images. The helical
pitch was determined from the same AFM height images by tracing the height along a single
filament and measuring the periodic variations corresponding to G-actin subunits, as described by
Ikawa et al55.
AFM can be used to determine the Young’s modulus, E, of actin filaments capped by
gelsolin at pH 7.5 and 6.0 according to Eq. (6)51.
(6)

𝑘 = 𝐸𝐼

where k is the flexural rigidity, or stiffness, associated with resistance to bending, and I is the
second moment of inertia. Data was collected by obtaining a deflection (V) vs. distance (nm) graph.
To generate a force curve graph, the deflection can be converted into force (nN) according to Eq.
(7).
𝐹𝑜𝑟𝑐𝑒 (𝑛𝑁) =

𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (𝑉)
𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝑁

𝑉
( )
𝑛𝑚

∗ 𝑘(𝑛𝑚)

(7)

Once determined, the Young’s modulus of a filament can be solved for using the Hertz model56.
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Figure 5. (A) Cartoon representation of functionalized coverslip. (B) Simple cartoon
representation of flow cell chamber structure.
NEM-inactivated myosin treats the surface of the coverslip to allow for actin filament attachment.
BSA is added as a blocking agent. Alexa-F-actin can then be added to the chamber and bind to
NEM-inactivated myosin attachment points. The top glass is a traditional microscope slide, and
the lower glass is the functionalized coverslip.
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Figure 6. Cartoon representation of AFM tapping-mode imaging of gelsolin-severed actin
filaments.
AFM is used to obtain nanoscale height images of gelsolin-bound actin filaments. Gelsolinbound actin filaments are adhered to a 0.1% (3-Aminopropyl)triethoxysilane (APTES)-treated
mica surface. Imaging is performed in tapping mode with a gold-coated silicone cantilever tip
with a spring constant of 3 N/m, resonance frequency of 75 kHz and length of 225 µm.
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CHAPTER THREE: RESULTS AND DISCUSSION
3.1 The Effects of pH on Gelsolin-Mediated Actin Filament Severing
The initial focus of this project was to determine how changes in pH effect gelsolinmediated actin filament severing. Determining how pH modulates gelsolin severing activity of
actin filaments is important in further understanding gelsolin’s role in cells where drops in pH can
occur in response to cellular processes such as apoptosis57 or cell mestasis58. Within the cell, actin
reaches steady-state and finds a dynamic equilibrium between its monomeric and filamentous
form9, 20, 59. This equilibrium affects the average length and length distribution of actin filaments6062

. Shifts in average filament lengths have been related to changes in cellular motility63 and

elasticity64-66. Shorter average filament lengths can indicate the presence of actin filament severing
activity caused by ABPs like gelsolin67, 68. A previous study has used electron microscopy to
visualize and measure how actin filament lengths and length distributions are impacted by
gelsolin67. Other studies have demonstrated how gelsolin’s actin nucleation function impacts actin
filament elongation68, as well as gelsolin’s actin filament severing. In some studies, gelsolin has
been used to cap filament barbed ends to measure filament lengths69 and pointed end dynamics70.
The impact of gelsolin on actin filament length and length distributions show that the severing
activity of gelsolin is dependent on Ca2+ concentrations35,

71

and macromolecular crowding72.

Understanding how gelsolin-regulated average filament lengths and length distributions are altered
at different pH conditions in the presence of gelsolin can help identify the differences in gelsolin
function caused by changes in pH.
To investigate the effect of pH on gelsolin-mediated actin filament severing, we first
visualized steady-state actin filaments in the presence of gelsolin at varying pH (Figure 7A). Then,
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we calculated the average actin filament length (Lavg) in the absence or presence of gelsolin for up
30 minutes based on the obtained TIRF microscopy images (Figure 7B). In the absence of gelsolin,
Lavg,pH7.5 = 5.22 ± 0.17 µm and Lavg,pH6.0 = 4.49 ± 0.10 µm. These values are within the expected
range of actin filament lengths67. While the average length of filaments at pH 6.0 are shorter than
those at pH 7.5, previous studies have shown that actin filament lengths are not pH dependent73.
One minute after the addition of gelsolin to actin filaments (at a molar ratio of 1:100), the average
filament lengths decreased in both pH conditions (Figure 7B). However, the reduction in average
filament length was significantly greater at pH 6.0 with a 45.8% decrease in length compared to
that of pH 7.5 with a 37.9% decrease (Table 1). This suggests more gelsolin-mediated actin
filament severing within the first minute of the gelsolin and actin interaction. Similarly, at 5
minutes and at 10 minutes, the average filament lengths continued to decrease at both pH 6.0 and
7.5, with the change in length being greater at pH 6.0. For the first 10 minutes after the addition
of gelsolin to actin filaments, the difference in filament lengths between pH 7.5 and pH 6.0
conditions was deemed statistically significant using the Turkey test (p<0.001). At fifteen minutes,
the variance in average filament length between the two pH conditions was no longer statistically
significant. This suggests that by 15 minutes, gelsolin-mediated actin filament severing activity is
no longer dependent on pH. However, prior to 15 minutes, the shorter average filament lengths in
the pH 6.0 environment is likely due to greater gelsolin severing activity.
Using the same data, we calculated the length distributions of the actin filaments with
varying pH conditions in the absence and presence of gelsolin (Figure 8). Prior to the addition of
gelsolin, both conditions show a wide distribution of filament lengths, as observed in previous
studies67. Upon the addition of gelsolin, all length distributions showed a continued narrowing as
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time continued for up to 30 min (Figure 8). This narrowing appears to be more enhanced at earlier
time points among filaments in the presence of gelsolin at a pH of 6.0. To fit the data, we used
double exponential and Gaussian functions (see more detail in 2.4) (Figure 8). While studies
investigating the best fit for filament length remains unsettled, we fit the data to both distribution
functions to determine which would result in the best fit. Both double exponential (Supplemental
Table 1) and Gaussian (Supplemental Table 2) fit similarly well allowing us to measure the
narrowing of the distribution in the presence of gelsolin at each pH value and how this occurs in
time.
In addition to time-dependent steady-state length analysis and distribution, we directly
visualized filament severing by gelsolin in real time with the use of a functionalized flow cell
(Figure 9). Comparing the real-time severing activity of gelsolin in an acidic environment to that
in a neutral environment gives us insight into how pH affects relative gelsolin-mediated filament
severing efficiency. F-actin was added to an NEM-inactivated myosin treated flow cell, and left to
incubate for 5 minutes. Gelsolin (at the molar ratio of 1:100 of gelsolin to actin) was then added
to the chamber and images were taken every 3 seconds for up to 10 minutes to generate a video
that would allow us to compare the relative efficiency of gelsolin severing activity (Figure 9A).
Each consecutive image was then used to measure the change in average filament length over time.
In the presence of gelsolin, the change in average filament length over time can be used to measure
the actin filament disassembly rate and give insight into how pH modulates gelsolin-mediated actin
filament severing.
The average actin filament length in the presence of gelsolin was measured for 10 minutes
at pH 7.5 and 6.0, generating a graph (Figure 9B). This was then fit with a double exponential
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decay equation (see more detail in 2.4). This fitting (Supplemental Table 3) allowed us to
compare the relative efficiency of gelsolin severing in neutral and acidic conditions by determining
the decay time constant of each condition. We found that in a neutral environment of pH 7.5, the
filament time decay constant was 251.82 ± 31.71 seconds. In acidic conditions at a pH of 6.0, the
time decay constant decreased by almost half to 134.71 ± 17.37 seconds. This suggests that the
efficiency of actin filament severing by gelsolin was greater at pH 6.0 than at pH 7.5. This may be
due to earlier gelsolin activation induced by low pH that allows for actin filament binding and
severing. Overall, this result demonstrates that a physiologically relevant low pH increases
gelsolin-mediated filament severing activity. This trend is similar to the trend displayed in the
steady-state filament length and length distribution analysis, which suggest that the gelsolinmediated severing activity at pH 6.0 is greater than pH 7.5.
This finding indicates that gelsolin-mediated actin filament severing events occur with
higher efficiency in acidic environments than neutral ones. The mechanism for why this occurs is
not currently known, but we have a few potential explanations. Low pH has been shown to reduce
the required Ca2+ concentration needed for gelsolin to be activated and perform its severing
activity37. There is potential that when gelsolin is introduced to the pH 6.0 environment, it becomes
activated at a faster rate than in the pH 7.5 environment allowing for earlier severing events.
Another potential explanation may be due to gelsolin having an isoelectric point of about pH 6.171,
whereas actin has an isoelectric point at pH 442. This may explain why the relative rate of severing
increases as the pH value nears the isoelectric point of gelsolin, similar to what is reported in
studies demonstrating low pH increases gelsolin’s rate of nucleation42. With this in mind,
intracellular processes that provoke an acidic environment may be using gelsolin’s activity to
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promote cellular motility. Tuning the activity of gelsolin to alter filament length and severing
activity may be a mechanism allowing cells to adjust their mechanical properties to their
physiological needs74.
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Figure 7. Steady-state analysis of gelsolin severed filaments in varied pH.
(A) Representative steady-state TIRF microscopy images of actin filaments (1uM, 20% Alexalabeled) with gelsolin (10 nM) at pH 7.5 and 6.0 at the indicated time. (Scale bars, 20 µm) (B)
Steady-state actin filament lengths in varied pH (7.5 and 6.0) in the presence or absence of gelsolin.
Buffer 1X KMCI: 10 mM imidazole, pH 7.5 or 6.0, 50 mM KCl, 2 mM MgCl2, 0.3 mM CaCl2, 1
mM ATP, 1 mM DTT. Statistical analysis was performed using the Turkey test (N=34, *p < 0.05,
**p< 0.01 ***p < 0.001). (N=519-4542).
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Table 1. The Percent change in average filament length over time after the addition of
gelsolin in varied pH conditions.
Sample

t = 1 min

t = 5 min

t = 10 min

t = 15 min

t = 20 min

t = 30 min

Percent Change of
Lavg at pH 7.5 (%)
Percent Change of
Lavg at pH 6.0 (%)

37.9

39.4

45.3

54.6

49.8

59.5

45.8

47.7

49.3

48.7

49.2

51.8
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Figure 8. Length distributions of actin filaments in altered pH environments without and
with gelsolin.
Actin filaments (1 uM) in varied pH environments at time points after the addition of gelsolin
(10 nM). Buffer 1X KMCI: 10mM imidazole, pH 7.5 or 6.0, 50 mM KCl, 2 mM MgCl2, 0.3
mM CaCl2, 1 mM ATP, 1 mM DTT. Lengths are distributions are fit using double exponential
(green) (Eq. 1) and Gaussian (black) (Eq. 2) equations.
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Figure 9. Real-time analysis of gelsolin-severed actin filaments in varied pH.
(A) Representative real-time TIRF microscopy images of actin filaments (1uM, 20% Alexalabeled) with gelsolin (10 nM) at pH 7.5 and 6.0. (Scale bars, 20 µm) (B) Real-time actin filament
lengths in varied pH (7.5 and 6.0) fit with a double exponential decay function (Eq. 5). Decay time
constantpH7.5 = 251.82 ± 31.7 sec, decay time constantpH6.0 = 134.71 ± 17.37 sec. Buffer 1X KMCI:
10 mM imidazole, pH 7.5 or 6.0, 50 mM KCl, 2 mM MgCl2, 0.3 mM CaCl2, 1 mM ATP, 1 mM
DTT. (N=34-182).
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3.2 The Effects of pH on Gelsolin-Bound Actin Filament Conformations and Mechanics
In the previous section, TIRF microscopy has been used in this work to demonstrate how
gelsolin’s severing of actin filaments is modulated by pH at steady-state. To further understand
the interaction between gelsolin and actin filaments, we used TIRF microscopy and AFM to
evaluate changes in actin filament conformations and mechanics upon gelsolin binding in varying
pH conditions. Actin filament orientation and conformational changes have been demonstrated
through measurements of filament width75 and filament helical pitch76. The filament width can
indicate the overall orientation within an actin filament75 and the helical pitch offers insight into
changes in filament conformation that can impact filament flexibility76. Actin binding sites of
ABPs can be sensitive to filament conformational changes, and these conformational changes in
cells could direct ABPs to different actin cytoskeletal structures77.
Actin filament mechanics play major roles in cell shape78 and motility79. Changes in actin
filament mechanics can be measured in bending persistence length (Lp)51, 80 and Young’s modulus
(E)81,

82

. The mechanical properties of actin filaments are determined by the strength and

distribution of inter-subunit contacts held together by non-covalent bonds21. The persistence length
is defined by the filaments ability to resist bending, twisting, and bend-twist coupling21, 31. Young’s
modulus is a measure of the filament’s ability to resist changes in the direction in which a load,
compression or tension, is applied82. Actin mechanics are modulated by intracellular
environmental factors such as cations83, macromolecular crowding30, and ABPs84, 85. ABPs can
alter filament mechanics as a result of their binding. For example, cofilin increases the torsional
flexibility and dynamics of actin filaments86-88, as well as myosin decorated filaments exhibit an
increase in flexibility76. Furthermore, a spectroscopy experiment has shown that gelsolin binding
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to the barbed end of a filament induces a conformational change in actin that propagates along the
length of the filament and a threefold decrease in the filament’s torsional rigidity89. The goal of
this section is to further explore these gelsolin-induced conformational and flexibility changes of
actin filaments.
Morphological changes in gelsolin-bound actin filaments were observed by obtaining
height images through AFM (Figure 10). Using these height images, we performed analysis to
obtain the average width and helical pitch of actin filaments in the presence or absence of gelsolin
at pH 7.5 and 6.0. This analysis was performed to reveal details in potential gelsolin-induced
conformational changes that occur in actin filaments upon the binding of gelsolin. While the
measured height and helicity of the filaments are not commonly affected by AFM tip geometry,
the measured filament width can be broadened90. We observed this in filament width values where
the average width of filaments in the absence of gelsolin at pH 7.5 is 39.85 ± 1.86 nm. This value
is greater than the expected value of 6-8 nm91. With this is mind, we compared changes between
conditions due to consistency in sample preparation, imaging techniques, and analysis. These
results showed that a reduction in pH from 7.5 to 6.0 caused an increase in filament width, which
was deemed statistically significant using the Turkey test (p<0.01) (Figure 11). Low pH has also
been previously shown to cause conformational changes in actin filament structure92. This may be
caused by pH modulating filament electrostatics due to protonation of amino acid side chains,
which can impact actin-actin interactions within a filament93. The binding of gelsolin did not
indicate a significant change in filament width from the control in either pH 7.5 or 6.0 conditions.
Actin filament twist is an essential characteristic in biopolymers that can be linked to actin
filament mechanics20, 32, 94. Previous studies have used electron microscopy or X-ray diffraction to
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detail what is known about the helical structure of actin filaments22, 95, 96. In addition, the helicity
of actin filaments has been measured by tracing the height of AFM images55. In this work, we
measured the helicity of actin filaments in the absence or presence of gelsolin at pH 7.5 and 6.0
using AFM height images (Figure 12). In a neutral environment without gelsolin, actin filaments
were observed to have a half-pitch of 36.31 ± 0.76 nm, which is consistent with what has been
previously reported20, 22. Interestingly when gelsolin is present, the average filament helicity at pH
7.5 increased to 43.29 ± 1.53 nm, which was deemed statistically significant using the Turkey test
(p<0.001). The helical structure of actin filaments suggests that its torsional rigidity may depend
on the filament twist, or helical pitch97. Considering this, the increase in filament half pitch upon
the binding of gelsolin may support previous work demonstrating that gelsolin capping at the
barbed end reduces the torsional rigidity of actin filaments89. Furthermore, these results also
showed that lowering the pH to 6.0 did not significantly affect the helicity of actin filaments with
a half pitch of 36.70 ± 1.35 nm. In addition, the presence of gelsolin did slightly increase the helical
pitch to 38.46 ± 1.97 nm, however this increase was not statistically significant and indicated that
gelsolin-induced conformational changes of actin filaments are not as considerable at low pH.
The bending stiffness of gelsolin-bound actin filaments in varied pH was determined from
persistence length (Lp) analysis of TIRF microscopy images. This bending stiffness was measured
by utilizing exponential fits in relation to the average cosine correlation function from Equation 3.
Preliminary results showed that the average persistence length (Lp) of actin filaments at pH 7.5
was 11.20 ± 0.05 µm, which is within the expected range51. When the pH was lowered to 6.0, the
Lp increased to 13.95 ± 0.03 µm. An increase in filament Lp at low pH is consistent with previous
studies98 such that lowering pH stabilizes the structure of actin92 by increasing the free energy
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change associated with its polymerization reaction98. This is further observed with reports of low
pH increasing the rate of actin polymerization99. At both pH conditions, the persistence length of
actin filaments was reduced upon gelsolin binding. Actin filament bending stiffness is coupled to
twisting stiffness31; therefore, a decrease in persistence length may be related to the reduction in
torsional rigidity of actin filaments caused by gelsolin binding89.
The elastic modulus, or Young’s modulus (E), is an additional parameter used to analyze
actin filament mechanics100. The Young’s modulus can be obtained through AFM force curve
analysis, derived from a deflection-distance graph (Figure 14). The Hertz model, a common model
used for biological samples56, can then be used to determine the Young’s modulus of actin
filaments from the force curve (see more detail in section 2.6). While this data collection remains
in progress, the elastic modulus of actin filaments is known to heavily depend on the average
filament length65. For instance, changing the average filament length from 0.5 to 4 µm increases
the elastic modulus of actin filaments by more than a factor of 100101. The previous section of this
study demonstrated that the average length of actin filaments in the presence of gelsolin is
significantly reduced due to severing activity, therefore we predict that this will largely reduce the
Young’s modulus of gelsolin-bound actin filaments. Based on this finding, we predict actin
filaments in the presence of gelsolin will have a reduced Young’s modulus, however gelsolinbound filaments at pH 6.0 will be stiffer than those at pH 7.5. Although further data is needed to
better understand how actin filament conformational and mechanical changes are altered upon the
binding of gelsolin at varying pH conditions, this work gives insight into how cells adjust their
mechanical properties to their physiological needs.
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Figure 10. AFM height images of actin filaments in the absence and presence of gelsolin at
pH 7.5 and 6.0.
Actin filaments were bound to an APTES-treated mica surface. Buffer 1X KMCI: 10 mM
imidazole, pH 7.5 or 6.0, 50mM KCl, 2 mM MgCl2, 0.3 mM CaCl2, 1 mM ATP, 1 mM DTT with
gelsolin added at a molar ratio of 1:370 of gelsolin to actin. (Scale bar, 500nm)
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Figure 11. The average filament width in the absence and presence of gelsolin at pH 7.5 and
6.0 derived from AFM height images.
Actin filaments polymerized at pH 7.5 (blue) and 6.0 (red) in the absence and presence of gelsolin
added at a molar ratio of 1:370 of gelsolin to actin. Buffer 1X KMCI: 10 mM imidazole, pH 7.5
or 6.0, 50 mM KCl, 2 mM MgCl2, 0.3 mM CaCl2, 1 mM ATP, 1 mM DTT. Uncertainty bars
represent standard error of the mean (S.E.M.). Statistical analysis was performed using the Turkey
test (N=34, *p < 0.05, **p< 0.01 ***p < 0.001).
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Figure 12. The average filament half pitch in the presence and absence of gelsolin at pH 7.5
and 6.0 derived from AFM height images.
Actin filaments polymerized at pH 7.5 (blue) and 6.0 (red) in the absence and presence of gelsolin
added at a molar ratio of 1:370 of gelsolin to actin. Buffer 1X KMCI: 10 mM imidazole, pH 7.5
or 6.0, 50 mM KCl, 2 mM MgCl2, 0.3 mM CaCl2, 1 mM ATP, 1 mM DTT. Uncertainty bars
represent standard error of the mean (S.E.M.). Statistical analysis was performed using the Turkey
test (N=34, *p < 0.05, **p< 0.01 ***p < 0.001).
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Figure 13. Persistence length (Lp) of actin filaments in the absence and presence of gelsolin
at pH 7.5 and 6.0 derived from TIRF images.
Actin filaments polymerized at pH 7.5 (blue) and 6.0 (red) in the absence and presence of gelsolin
added at a molar ratio of 1:370 of gelsolin to actin. Buffer 1X KMCI: 10 mM imidazole, pH 7.5
or 6.0, 50 mM KCl, 2 mM MgCl2, 0.3mM CaCl2, 1 mM ATP, 1 mM DTT with gelsolin added at
a molar ratio of 1:100 of gelsolin to actin. Uncertainty bars represent standard error of the mean
(S.E.M.).
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Figure 14. Representative deflection distance graph of an actin filament polymerized at pH
6.0.
Single force curve graph taken of an actin filament polymerized at a pH of 6.0 using AFM. This
data collection remains in progress, and will be used to obtain the Young’s Modulus of gelsolinbound actin filaments. Buffer 1X KMCI: 10 mM imidazole, pH 7.5 or 6.0, 50 mM KCl, 2 mM
MgCl2, 0.3 mM CaCl2, 1 mM ATP, 1 mM DTT.
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CHAPTER FOUR: CONCLUSION
The results presented in this study show how the current understanding of gelsolin activity
with actin is regulated by environmental factors occurring inside the cell that until now, have not
yet been carefully considered. Previous studies have shown that the rate of actin filament
polymerization is enhanced at low pH73. Additionally, low pH acts similarly to high ionic
concentrations in that it stabilizes the actin filament structure92. Furthermore, the effect of pH on
gelsolin activity has only been studied in relation to the required Ca2+ concentration for activation37,
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. Here, we have demonstrated that low pH also modulates the efficiency of actin filament

severing. Lowering the pH from 7.5 to 6.0 resulted in a more rapid reduction in average filament
length, suggesting that gelsolin-mediated severing was occurring faster in this acidic environment.
The length distributions of actin filaments in the presence of gelsolin at low pH show earlier
narrowing compared to that at neutral pH, further demonstrating increased gelsolin severing
activity. We have also shown that the real-time severing of gelsolin is reduced at low pH, which
could have implications regarding cellular motility49. In addition, our results suggest that the
binding of gelsolin to actin filaments modulates the filament conformation and mechanics, which
can also impact cellular motility in response to changes in intracellular pH98.
Through this research, properties linked to the regulation of actin dynamics by gelsolin
shed new light on the details of biological processes occurring intracellularly. There is great
potential for further investigation into how pH impacts other less-studied ABPs and their activity
in regulating actin dynamics. It is clear that gelsolin is sensitive to acidic environments, and future
work could further quantify these effects as well as the impact of other gelsolin-mediated
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mechanisms. These studies would bring to light new details involving cellular interactions in vivo,
which could then contribute to the larger understanding of the actin cytoskeleton.
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Supplemental Table 1: Values of the parameters used in Double Exponential Fitting (Eq. 1)
to the filament length data in Figure 8.
Double Exponential Fitting
0 min pH 7.5
0 min pH 6.0
5 min pH 7.5
5 min pH 6.0
10 min pH 7.5
10 min pH 6.0
20 min pH 7.5
20 min pH 6.0

Coefficient (a)
1.74 ± 0.09
1.53 ± 0.13
1.93 ± 0.10
2.21 ± 0.02
1.84 ± 0.09
2.07 ± 0.09
2.05 ± 0.10
1.94 ± 0.02

Coefficient (b)
0.04 ± 0.05
0.64 ± 0.11
0.67 ± 0.12
1.20 ± 0.04
0.79 ± 0.10
1.19 ± 0.14
0.89 ± 0.14
1.21 ± 0.02
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Coefficient (c)
-0.02 ± 0.01
-0.15 ± 0.02
-0.21 ± 0.03
-0.57 ± 0.02
-0.23 ± 0.03
-0.47 ± 0.05
-0.33 ± 0.05
-0.43 ± 0.01

Adjusted R2
0.786
0.820
0.855
0.991
0.900
0.902
0.861
0.997

Supplemental Table 2: Values of the parameters used in Gaussian Fitting (Eq. 2) to the
filament length data in Figure 8.
Gaussian Fitting
0 min pH 7.5
0 min pH 6.0
5 min pH 7.5
5 min pH 6.0
10 min pH 7.5
10 min pH 6.0
20 min pH 7.5
20 min pH 6.0

Offset (y0)
0.18 ± 0.14
0.40 ± 0.12
0.27 ± 0.13
0.31 ± 0.16
0.21 ± 0.11
0.23 ± 0.13
0.28 ± 0.14
0.19 ± 0.12

Center (xc)
1.51 ± 0.80
2.00 ± 0.10
1.55 ± 0.09
1.06 ± 0.06
1.70 ± 0.07
1.26 ± 0.05
1.31 ± 0.07
1.42 ± 0.05
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Width (w)
8.87 ± 1.38
3.09 ± 0.23
2.86 ± 0.21
1.83 ± 0.13
2.83 ± 0.16
2.00 ± 0.11
2.31 ± 0.16
2.14 ± 0.11

Area (a)
63.44 ± 10.58
35.67 ± 2.34
42.07 ± 2.65
38.94 ± 2.34
44.08 ± 2.20
42.18 ± 1.99
40.78 ± 2.42
43.81 ± 1.94

Adjusted R2
0.786
0.839
0.860
0.856
0.903
0.905
0.865
0.915

Supplemental Table 3: Values of the parameters used in Double Exponential Decay Fitting
(Eq. 5) to the filament length data in Figure 9.
Exponential Decay Fit
pH 7.5
pH 6.0

y0
-0.10 ± 0.30
0.41 ± 0.13

A1
10.56 ± 0.76
8.67 ± 1.11
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t1
251.82 ± 31.71
134.71 ± 17.37

Adjusted R2
0.940
0.840
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